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Richard Frye*

Climatic Change and Fisheries
Management'
INTRODUCTION
Human economic activity has been susceptible to climatic change
throughout history and may have been responsible for changes in regional
micro-climates through deforestation, overgrazing, and desertification.
Recently, the scientific community has devoted considerable attention to
investigating the possibility that human activity is likely to have global
climatic consequences. Of particular concern are the effects of carbon
dioxide accumulation due to the combustion of carbon-based fuels,' and
the additional effects of trace gases2 and aerosols released into the atmosphere by human activity.
This paper investigates the possible economic impacts of climatic change
on world fisheries by tracing the relationships among climatic change,
ocean circulation, fisheries ecology, and fisheries management. Section
1 summarizes the mechanisms by which scientists expect carbon dioxide
(CO 2) accumulation in the atmosphere to induce global climatic change.
Section 2 investigates the possible implications of C0 2-induced climatic
change for ocean circulation patterns. Section 3 considers how changes
in ocean circulation may affect productivity of marine ecosystems. Section
4 addresses the potential management implications of C0 2-induced perturbations of marine fisheries.
1. CO 2 AND ATMOSPHERIC CIRCULATION
The concentration of CO 2 in the atmosphere has increased continuously
from 315 parts per million by volume (ppmv) in 1958, when regular
measurement began, to 334 ppmv in 1979, and is currently increasing at
about 1.5 ppmv per year at current rates of fossil fuel combustion. In
contrast, scientists estimate that preindustrial atmospheric concentration
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of CO 2 was about 290 ppmv.3 Future concentrations of C02 will depend
on the magnitude of carbon sources and sinks4 over time, and particularly
on the cumulative levels of combustion of organic fuels.
Accumulation of CO 2 affects climate directly and through the amplifying effects of a number of feedback mechanisms.' The primary climatic
consequence of CO 2 accumulation is the so-called "greenhouse" effect:
CO 2 is transparent to incoming shortwave solar radiation, but absorbs
outgoing terrestrial, infrared radiation, causing a heating of the lower
atmosphere. A primary feedback mechanism occurs as a result of increased evaporation, humidity, and sensible and latent heat flux,6 which
increase atmospheric warming, effectively doubling the temperature increase that would be anticipated from CO 2 absorption alone.
A second important positive feedback mechanism occurs as atmospheric warming increases the melting of polar snow and ice, thereby
reducing the reflectivity of the planetary surface, and increasing the amount
of solar radiation absorbed. This snow-ice albedo7 feedback mechanism
could add about another 40 percent to the temperature effect of CO 2
alone."
Some scientists anticipate that the combined effects of infrared absorption, latent heat feedback, and ice-albedo feedback associated with
a doubling of preindustrial CO2 concentrations will result in an average
global warming of about 2.4 degrees Centigrade (C). A number of independent studies using global climate simulation models and other techniques support these figures. 9 Climate researchers generally agree that a
doubling of atmospheric CO 2 will lead to an average global temperature
3. NATIONAL RESEARCH COUNCIL CLIMATE RESEARCH BOARD, CARBON DIOXIDE AND CLIMATE: REPORT OF AN AD HOC STUDY GROUP ON CARBON DIOXIDE AND
CLIMATE, NATIONAL ACADEMY OF SCIENCES (1979) [hereinafter cited as NATIONAL RESEARCH COUNCIL]; Watts, Climate Models and C0 2-induced Climate Change, 2 CLIMATE
CHANGE 387 (1980).
4. Carbon continuously cycles through the environment in a variety of forms. Of particular
interest to climate researchers are the processes by which carbon enters the atmosphere (carbon
sources to the atmosphere) and leaves the atmosphere (carbon sinks).
5. Positive feedback occurs when atmospheric warming initiates a sequence of events which
amplify the initial warming. Negative feedback occurs if atmospheric warning causes events which
lead to atmospheric cooling, reducing the impact of the initial warming.
6. Sensible heat flux is heat transport associated with warming and movement of the air mass;
latent heat flux is atmospheric heat transport associated with evaporation and cooling at one location,
with subsequent movement of water vapor and condensation and warming at other locations.
7. Planetary albedo measures the fraction of incident solar radiation reflected by the planetary
surface.
8. NATIONAL RESEARCH COUNCIL, supra note 3.
9. Useful summaries of several climate modeling experiments are given in: Washington, Climate
Responses Due to Increased C02 : Status of Model Experiment and the Possible Role of the Oceans,
in U.S. DEP'T OF ENERGY, PROCEEDINGS OF THE CO 2 AND CLIMATE RESEARCH PROGRAM CONFERENCE (1980) [hereinafter cited as U.S. DEP'T OF ENERGY, PROCEEDINGS].
See also Watts, supra note 3.
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increase of 2-4'C at low and mid-latitudes, magnified by a factor of three
to four (10-12C) in polar regions.' 0
Cloud and ocean interaction feedbacks from C0 2-induced warming
have not yet been successfully incorporated into climate simulation models.
Increasing cloudiness at low and middle altitudes could produce a negative, or cooling feedback, while an increase in high-altitude cloudiness
could result in a positive, warming feedback effect. Atmosphere-ocean
feedbacks include important regional climatic effects of fast western
boundary currents like the Gulf Stream, dissolution of CO 2 into the oceans
at the air-sea interface, and equatorial upwelling. " Heat exchange among
the atmosphere, surface, and mixed and deep layers of the ocean,' 2 and
the interactive effects of winds on these processes and on ocean circulation
may also affect climatic conditions. Accurate modeling of ocean circulation will be necessary before scientists are able to predict future climatic
change on a regional basis.' 3
A fundamental problem with assessing the future impacts of C0 2induced climatic change is inadequate understanding of the global carbon
cycle. Not only are sources of CO 2 from human activity subject to considerable variation in response to social and economic variables; at the
same time the disposition of CO2 in the atmosphere, oceans, and biosphere
remains poorly understood. Data available since about 1950 suggest that
tropical forests have probably been a large net source of CO 2. In contrast,
agriculture and grassland soils have probably been a small net source,
while forests and soils in temperate zones have been moderate net sinks.
As a result, the biosphere is thought to have been a minor net source of
CO 2 since 1950. "
Future projections of CO 2 concentration are uncertain, not only because
information and understanding of the carbon cycle are limited, but also
because the terrestrial carbon cycle is highly susceptible to perturbations
by human activity. Management of forests, wetlands, water resources,
10. The Arctic will display a substantially higher temperature increase than the Antarctic, primarily
due to the greater southern ocean area and the much greater thickness and stability of Antarctic ice.
11. Wind stress over water induces motion of surface waters (Ekman transport) perpendicular to
wind direction. At the equator, prevailing trade winds cause surface waters to move northward in
the Northern Hemisphere, southward in the Southern Hemisphere. This divergence of equatorial
surface waters effectively pumps cooler, deeper water to the surface near the equator, cooling the
atmosphere. See text, infra, accompanying note 30.
12. Surface action caused by winds, tides, currents, etc., "mixes" the ocean near the surface.
Deeper water, below this layer of interaction, tends to be much more stable than the mixed layer
with respect to velocity, temperature, and salinity.
13. WORLD METEROLOGICAL ORGANIZATION, GLOBAL ATMOSPHERIC RESEARCH
PROJECT, THE PHYSICAL BASIS OF CLIMATE AND CLIMATE MODELING, GARP PUB.
SERIES NO. 16 (1975) [hereinafter cited as G.A.R.P.].
14. Loucks, Recent Resultsfrom Studies of Carbon Cycling in the Atmosphere, in CO 2 and Climate
Research, supra note 9.
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agriculture, energy resources, and land usage and maintenance all have
significant, though poorly understood, implications for the functioning
of the entire global carbon cycle.
The oceans may have removed up to half of the CO 2 released into the
atmosphere since the beginning of the industrial era. There is considerable
uncertainty about this figure, however.' 5 Only a very small portion of
CO 2 (about one to two percent) dissolved in ocean waters remains as
CO 2; the rest becomes carbonate or bicarbonate, 6 affecting the carbonate
saturation and pH of the mixed layer.' 7 Oceanic uptake of CO 2 will be
inhibited as atmospheric CO 2 concentration and temperature increase, and
as the concentration of carbonate ions in the surface layer of the ocean
increases. Thus the oceans will likely become a less effective CO 2 sink
over time.
The greenhouse effect of CO 2 is amplified by the addition to the atmosphere of aerosols and trace gases with strong infrared absorption
bands. The most important of these gases are nitrous oxide (N20), methane (CH4 ), ammonia (NH 3), and water vapor (H 20).'" Nitrous oxide and
ammonia come primarily from the denitrification 9 of fertilizers in the
soil. Given exponential growth rates of fertilizer use worldwide, concentrations of these gases may increase several-fold by early in the 21st
Century, perhaps increasing average global temperature by .4-1.5*C. 20
Methane is produced from anaerobic decay of organic material2' and as
a conversion product of carbon monoxide (CO). Methane concentrations
are closely correlated with fossil fuel use and are likely to increase along
with CO 2.
The combined greenhouse effects of expected concentrations of these
trace gases may be on the order of 150 percent of the effect of CO 2 alone.
Any policy aimed at mitigating the impacts of future climatic change
must therefore be fundamentally concerned with both CO 2 concentration
and the impact of these other infrared-absorbing gases. Due to the com15. W. KELLOGG & R. SCHWARE, CLIMATE CHANGE AND SOCIETY 37 (1981).
16. Carbon dioxide combines with seawater to form carbonic acid (H2CO3 ), which dissociates
into carbonate ions (C0 3) and bicarbonate (HCO 3). The system is buffered by changing concentrations
of calcium carbonate (CaCO 3), which controls the rate of CO2 uptake into the ocean.
17. "pH" is a measure of the hydrogen ion concentration in a solution. A pH of 7.0 implies a
neutral solution; increasing pH implies a more alkaline solution; decreasing pH implies a more acidic
solution. The current pH of surface seawater is somewhat basic, ranging from about 7.7 to 8.3. A
doubling of atmospheric CO2 concentration could lower this figure by .3; a quadrupling could lower
it by as much as .6. G.A.R.P, supra note 13.
18. Toon & Pollack, supra note 2.
19. Denitrification is the production of reduced forms of nitrogen (e.g., N20 or NH,) from oxidized
forms (e.g., NO3) by bacteria.
20. Hahn, Man-Made Perturbations of the Nitrogen Cycle and Its Possible Impact on Climate,
in MAN'S IMPACT ON CLIMATE 193 (W. Bach, J. Pankrath & W. Kellogg, 1979).
21. Anaerobic decay occurs due to bacterial action in the absence of free oxygen.
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bined effects of such trace gases, climatic changes similar to those expected from a doubling of CO 2 concentration will doubtless take place
considerably sooner than will the CO 2 doubling per se.
At present, changes in climate due to increased CO 2 concentration are
too minute to be detected. Thus, models used to project C0 2-induced
climatic changes generally consider scenarios of doubling, tripling, or
quadrupling CO 2 concentration rather than smaller incremental increases
in order to generate statistically significant results. That is, a model is
first calibrated to known existing conditions to generate a statistical base
for the existing climate. In order to demonstrate a climatic change, conditions in the high-CO 2 model climate must be sufficiently dissimilar to
generate statistically significant differences in climatic variables. Otherwise, climatic conditions in the high-CO 2 model may be interpreted as
within the range of normal variation of the present climate, rather than
as a "new" climate with a different mean temperature.
Despite numerous technical shortcomings of climate models, scenario
projections for a doubling of CO 2 are remarkably consistent among a
number of different models. This consistency suggests a strong probability
that the basic projections-namely, that a doubling of atmospheric CO 2
will cause a 2-4°C average global temperature increase, amplified to 1012'C at the North Pole-are essentially correct. Other climate model
projections, such as regional patterns of precipitation, variations in polar
ice cover, and seasonal variations in weather, are much more tentative
due to the spatial limitations of the models. Thus, climate models, together
with paleoclimatological evidence 22 of past warmer periods in Earth's
history, provide some indication of the effects of C0 2-induced warming.
Carbon dioxide-induced warming of 3 ± 1.5°C would make the global
climate warmer than at any time in at least the last 120,000 years. 23 This
warming will be magnified by a factor of about three in North Polar
regions, with the greatest change from present conditions occurring during
northern winter. Southern Hemisphere temperatures will be affected to a
lesser degree due to the greater ocean area and the greater stability of
Antarctic ice cover. Increased polar warming will have a particularly
important effect on the North Polar ice-cap, with significant reduction in
its areal extent. A tripling of CO 2 concentration, anticipated by late in
the 21st Century, virtually guarantees complete disappearance of Arctic
ice during summer.24
22. There is some evidence to suggest that warming may have already begun. See Kukla &
Gavin, Summer Ice and Carbon Dioxide, 214 SCI. 497 (1981).
23. Paleoclimatology uses data from tree rings, ocean sediments, pollens, etc, to reconstruct
likely prehistoric climate scenarios.
24. H. FLOHN, POSSIBLE CLIMATIC CONSEQUENCES OF A MAN-MADE GLOBAL
WARMING (1980).
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Since the Antarctic atmosphere is about 1 I°C colder than the Arctic,
hemispheric temperature gradients are approximately symmetrical only
in northern winter/southern summer. Atmospheric and oceanic circulation
patterns reflect this asymmetry, which will be intensified by CO2 -induced
warming, particularly in the case of an ice-free Arctic. Some evidence
exists to indicate that the West Antarctic ice sheet is unstable, and that
relatively small temperature increases (5°C) could cause rapid melting,
raising world sea level several meters. 25 Melting of the Greenland ice
sheet could have a similar, additional effect. Scientists are uncertain about
the likelihood and timing of such sea level changes, but generally consider
them to be more than a century away.
Reduction of the temperature difference between poles and equator will
decrease the kinetic energy of the atmosphere. 26 Wind stress on the ocean
surface will decrease, and circulation patterns will become more stable.
Intensification of the hydrological cycle 27 will imply more humid average
conditions, with increased precipitation in higher latitudes, drier conditions at lower and mid-latitudes, and possibly more frequent or more
intense storms.
Subtropical and temperate zones are likely to shift toward the poles by
hundreds of kilometers, and arctic zones will shrink. Many arid and semiarid areas will become more humid, while many humid areas-particularly much of the United States, Europe, and Russia-are likely to become
drier.28 Substantial desertification could eventually occur in the south
equatorial belt.
The probable implications of a warmer world due to increased CO 2
concentration include reduced oceanic and atmospheric circulation, diminished wind velocities, and changes in prevailing wind patterns. Substantial diminution of Arctic drift ice, melting of continental ice sheets,
and sea level increases are also possible. Increased CO 2 levels may also
result in changes in precipitation patterns and regional hydrological cycles,
and an enhanced asymmetry of hemispheric circulation patterns.
2. CLIMATIC CHANGE AND OCEAN CIRCULATION
Ocean circulation is driven by exchanges of energy and momentum at
the air-sea interface. These exchanges involve interactions among a number of climatic variables, especially air temperature, evaporation, hu25. KELLOGG & SCHWARE, supra note 15, at 3.
26. To some degree, the atmosphere operates like a giant heat engine, powered by the temperature
difference between Poles and the equator. Decreasing the Pole-equator temperature difference should
therefore decrease the kinetic energy embodied in moving air masses, making circulation more
sluggish.
27. The hydrological cycle is the set of processes by which water in all its forms cycles through
the environment.
28. Wigley, Jones & Kelly, Scenario for a Warm, High C 2 World, 283 NATURE 17 (1980).
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midity, and wind velocity. Climatic change may therefore have significant
impacts on ocean circulation.
Heat is exchanged at the air-sea interface by two primary mechanisms,
direct radiation and evaporation/condensation. A CO2 -induced warming
would generally tend to increase sea surface temperatures (SST) via both
mechanisms. In addition, increased atmospheric temperatures and SST
would increase the melting of polar ice, creating additional warming
through albedo reduction.29
Momentum is exchanged between the atmosphere and oceans through
wind stress, which generates wave action, mixing of the upper surface
layer, wind driven currents, and Ekman transport of surface waters.30
Gaseous exchange occurs between atmosphere and ocean according to
the differential partial pressures of gases in air and seawater, and, for
CO2, according to the saturation of the carbonate system in surface waters.
Heat and momentum are exchanged between the surface layer and deep
ocean on a much longer time scale than surface mixing. Deep ocean
circulation will respond to and manifest climatic change on substantially
different time scales than the atmosphere and mixed layer.
The major short-term (hours to days) and intermediate-term (months
to years) impacts of climatic change on ocean circulation will be associated with changes in surface wind stress. The anticipated decrease in
the equator-pole temperature gradient and the associated decrease in the
kinetic energy of the atmosphere, particularly in the Northern Hemisphere, are likely to decrease average wind velocities, with strong implications for ocean circulation.
Wind stress on the sea surface increases roughly with the square of
wind velocity. A 10 percent reduction in average wind velocity would
decrease wind stress by around 20 percent, and a 20 percent decrease in
wind velocity would thus reduce wind stress by nearly 40 percent. Even
a small percentage change in average wind velocity, which is highly likely
with global warming, could have a significant impact on ocean circulation.
Both the magnitude and direction of wind velocity have important implications for ocean circulation. Expected changes in wind stress would
alter the pattern as well as the strength of ocean circulation.
The major long-term (decades to centuries) impacts of climatic change
on ocean circulation are associated with thermohaline, i.e., very longterm circulation. Such circulation is driven by density differentials in the
water column3 due to differences in temperature and salinity. Colder
water tends to sink, displacing warmer water of the same salinity, while
29. See supra note 7.
30. See supra notes II & 12.
31. The water column may be conceptualized as a vertical section of the ocean, useful for
considering changes in temperature, salinity, pressure, etc., associated with changes in depth.
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more saline water tends to sink, displacing less saline water of the same
temperature. Thus, the sinking of cold, dense, highly saline water in high
latitudes displaces warmer water toward the surface at lower latitudes.
This warmer water is then transported horizontally toward the polar regions, where it cools and sinks, continuing the thermohaline cycle. Because the ratio of rainfall and runoff to evaporation is relatively lower at
low latitudes, warmer water tends to have higher salinity. Much of this
warm saline water is transported to high latitudes, especially by strong
western boundary currents, and cools in polar regions.
Climate researchers expect C0 2-induced climatic change to decrease
this thermohaline circulation. Increases in polar SST and decreases in
drift ice may inhibit the formation of cold, dense water in high latitudes,
and also make fast, narrow, western boundary currents (like the Gulf
Stream) more sluggish. Over the long term, ocean temperature and salinity
distributions will become more stable with less mixing across the thermoclinic (temperature-layer boundary) and pycnoclinic (salinity-layer
boundary) interfaces.
Wind stress on surface waters induces Ekman drift, that is, motion of
surface water at right angles to wind velocity in the northern Hemisphere
and at "left" angles to wind velocity in the Southern Hemisphere. Because
of hemispheric cyclonic wind patterns--clockwise in north latitudes,
counterclockwise in southern latitudes-there is typically an upwelling
of deep, cold water in equatorial regions. That is, hemispheric Ekman
drift patterns associated with equatorial westerlies cause divergence of
surface waters, leading to Ekman suction, or upwelling of deep, colder
water in equatorial regions.
Equatorial upwelling provides an important feedback mechanism to
atmospheric circulation. Increased upwelling lowers SST and decreases
evaporation and precipitation. Decreased wind velocities associated with
climatic change are likely to lessen equatorial upwelling, while increasing
equatorial SST, air temperature, evaporation, humidity, and precipitation.
Reduced wind velocities are also likely to decrease Ekman drift and the
salinity of equatorial surface waters.
Coastal upwelling is also driven by wind stress. Winds parallel to
coasts, generating offshore Ekman transport, force surface waters offshore, and deeper, colder, nutrient-rich water to the surface from depths
of 50 to 300 meters. Major areas of coastal upwelling are associated with
the eastern boundary currents and include the California, Peru, Canary,
and Benguela currents. A fifth major upwelling area is associated with a
monsoon-sensitive western boundary current, the Somali Current off the
Arabian coast. Coastal upwelling is often variable and seasonal, and is
an extremely important factor in many coastal fisheries, as discussed in
Section 3.
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The southern equatorial climatic phenomenon known as El Nifio is an
influx of warm equatorial waters and replacement of typical upwelling
with downwelling in the southeastern tropical Pacific. Related climatic
effects include increased precipitation and decreased winds, major reductions in fishery productivity, and concomitant decreases in bird populations. Scientists now believe El Nifio to be a basin-wide climatic
phenomenon, affecting environmental conditions throughout the Pacific.
El Nifio's occurrence is highly correlated with the Southern Oscillation,
that is, the difference in atmospheric pressure between the eastern and
western Pacific.
El Nifio is associated with a diminution of average wind velocities
following a period of strong trade winds. Presumably the decreased winds
not only lessen the strength of equatorial upwelling, but also allow warm
water which has "piled up" in the western Pacific to flow back to the
east. Downwelling propagates rapidly eastward with substantial impacts
on ocean circulation, temperature, and regional climate.3 2 A generally
wanner, more stable climate may decrease the frequency of El Nifio
downwelling episodes while at the same time decreasing the strength of
typical upwelling.
In summary, climatic changes associated with CO2 could have profound
significance for ocean circulation. Decreased wind stress, modified wind
patterns, and higher air temperatures will decrease surface layer mixing
and thermohaline circulation, lessen coastal and equatorial upwelling,
and perturb the strength and direction of ocean currents. Average surface
salinity will probably increase, as will sea surface temperature, while pH
will probably decrease. Density, temperature, and salinity gradients will
likely become more stable and less steep, and the thermocline33 will
probably stabilize at a greater depth.
Current quantitative knowledge of these processes is extremely limited.
The data base is either nonexistent or incomplete, with the possible exception of SST. Ocean current and salinity data are sporadic and qualitatively poor, and the data base for deep ocean circulation is practically
nonexistent. Efforts at modeling ocean circulation are primitive and limited by the data base, although models have captured many general features of the circulation systems.34 Before scientists can develop predictive
ability, further research needs to be done to improve knowledge of wind
32. Enfield, El Nifio: Pacific Eastern Boundary Response to Interannual Forcing, in RESOURCE
MANAGEMENT AND ENVIRONMENTAL UNCERTAINTY (M. H. Glantz, D. Thompson, eds.
1980) [hereinafter cited as Glantz].
33. The thermocline is the discontinuity layer between the warmer, mixed layer of the sea and
deeper, colder, more stable water below it.
34. S.R.I. INTERNATIONAL, THE LONG TERM IMPACT OF ATMOSPHERIC CARBON
DIOXIDE ON CLIMATE, JASON TECHNICAL REPORT JSR-78-07 (1979).
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stress effects, upwelling, salinity, thermohaline circulation, horizontal
heat transport, current patterns, mid-ocean eddies, and sea-ice interactions.
3. CLIMATIC CHANGE AND MARINE ECOSYSTEMS
Primary production of phytoplankton 35 in world oceans is directly related to several climatic variables. The seasonal production cycle varies
with latitude, and has four general forms, one each for arctic, temperate,
tropical, and upwelling regions .36
The onset of the production cycle is correlated with the magnitude of
37
the production ratio, that is, the ratio of the depth of the euphotic layer
to the depth of mixing. In winter the low sun angle decreases the depth
of the euphotic layer while the mixing depth increases due to intensified
winds. Sometime in the spring (later in higher latitudes), the production
ratio reaches a critical minimum as the sun angle increases and winds
slacken, and the production cycle begins.
The rate of algal production depends on the rate of change of the
production ratio as the season progresses, and on the rate of development
of the grazing population of zooplankton 38 and other herbivores. Generally, there is a delay period between the onset of the production cycle
and the appearance of an effective grazing population; the longer the
delay period, the larger the amplitude of the bloom of algae, and the
larger the food supply for the subsequent generations of herbivores, including some species of fish and their larvae, which eventually graze
down the bloom of phytoplankton. During the delay period nutrients from
decaying phytoplankton tend to sink below the euphotic zone; algal blooms
are limited by nutrient supply as well as by the grazing population.
In arctic waters, the algal bloom has a single peak in late spring and
a relatively long delay period before the appearance of grazing herbivores.
In temperate waters, there is a large spring outburst of algae, with effective
grazing after only a moderate delay period. There is a smaller production
peak in autumn, perhaps associated with declining zooplankton density
or nutrient replenishment. In tropical waters the production cycle is more
or less continuous, with low amplitude, and algal production is closely
synchronized with fluctuations in the grazing population.
The longer the delay period, the lower is the efficiency of the match
35. Phytoplankton are microscopic marine plants (e.g., diatoms) occupying a critical position at
the bottom of the marine food chain because they are the major primary producers of organic matter.
36. D. CUSHING, MARINE ECOLOGY AND FISHERIES (1975).
37. The euphotic layer is the surface layer of the ocean in which there is sufficient light to support
photosynthesis and the growth of green plants.
38. Zooplankton are microscopic marine animals (e.g., copepods) which feed on phytoplankton
or on other forms of zooplankton.
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between the life cycle of the algal food supply and the herbivore cycle.
In higher latitudes less energy is transferred from one trophic level 39 to
the next; carbon and nutrients are generally lost from the production cycle
as a "rain" of decaying biomass and fecal material, unless upwelling or
mixing brings them back into the cycle.
At high latitudes, upwelling does not seem to have a critical effect on
the production cycle. In subtropical or tropical regions, however, coastal
upwelling is a critical factor. As discussed in Section 2, coastal upwelling
is associated with wind-driven, offshore Ekman transport. Upwelling of
colder, nutrient-rich water from below the euphotic zone greatly amplifies
the production cycle. Because of the lack of nutrients, the open ocean is
a comparative desert; major upwelling areas are some 66,000 times more
productive.'
The five major coastal upwelling areas 4 all support similar species and
are by far the most productive fisheries in the world. Other significant
coastal upwelling areas, such as the waters off India, Java, and Costa
Rica, are also highly productive. Upwelling areas constitute 0. 1 percent
of the ocean's surface, but generate half the world's supply of fish. 42 The
particularly high productivity of the eastern boundary current areas may
be associated with continuity of upwelling due to relative consistency of
prevailing coastal winds.
The general form of the production cycle in subtropical coastal upwelling areas is similar to that in temperate regions, though much higher
in amplitude, with a spring peak which may endure over time due to the
sustaining effect of continuous upwelling. Algal production may be continually fed by a nutrient supply from upwelling cool water. A relatively
slow, continuous rate of upwelling of about one meter per day appears
most favorable for a very high amplitude production cycle. The production
cycle continues as long as upwelling continues; that is, as long as the
wind keeps blowing favorably.
Upwelling ecosystems tend to be highly productive but also highly
unstable, subject to large fluctuations in productivity. Species diversity
is limited, often with only three trophic levels. Large populations of only
a few species of herbivorous (or omnivorous) fishes may fluctuate widely
as primary productivity varies with changes in upwelling. Essential nutrients tend to be continually recycled by the upwelling process; cessation
or interruption of upwelling stops production by terminating the supply
39. Trophic levels relate to levels in the food chain; organisms at one level in the chain feed on
organisms in lower levels, or on organisms in the same level in the case of cannibalism.
40. Thompson, Climate, Upwelling, and Biological Productivity, in Glantz, supra note 32.
41. The California, Peru, Canary, Benguela, and Somali Currents all support major coastal
upwelling regions.
42. Ryther, Photosynthesis and Fish Production in the Sea, 166 SCI. 72, 75 (1969).
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of nutrients. Thus, upwelling ecosystems are likely to be highly sensitive
to climatic changes which effect the rate, seasonality, or consistency of
upwelling.
The amplitude, timing, and duration of the production cycle are critical
factors in determining fisheries recruitment, 3 and all of these variables
are sensitive to climatic change. In addition, the match or mismatch
between the primary production cycle and the food requirements of larval
and juvenile animals is a significant factor in determining the strength of
recruitment in a given year class." This match or mismatch is affected
by climatic variables in at least three ways.
First, oceanic circulation must transport the larvae to nursery grounds.
Interruption of this transport mechanism by failures or changes of seasonal
result in high mortality, as has been shown for
winds and currents can
5
Atlantic menhaden. 4
Second, an adequate food supply must be provided for larval survival.
This requires an effective match between the timing of larval transport
and feeding and the primary production cycle. Climatic change is likely
to influence spawning, larval transport, and primary production, as well
as the delay period between the start of the production cycle and the
feeding requirements of larval fish-all of which are crucial variables in
determining ultimate recruitment. Relatively small changes in climate
may have significant (positive or negative) impacts on larval survival and
subsequent recruitment. For example, anchoveta larvae require food imcan survive only in water that is densely
mediately upon hatching, and
46
packed with phytoplankton.
Third, larval survival will depend on the feeding habits and production
cycles of predators, including adult fish of the same species. In complex
ecosystems, predator-prey relationships and cannibalism are poorly documented and are complicated by interspecies competition, diet adaptabilities, and cyclical matching between production cycles of predator and
prey species. These relationships will be perturbed in unpredictable ways
by climatic change.
Fisheries dynamics are directly dependent on climatic variables. Changes
in sea surface temperatures affect spawning, migration, growth rates,
food supplies, and predator-prey relationships. Variations in winds and
surface mixing affect the timing and matching of spawning and the pro43. Annual recruitment is the addition of fish to a stock through the maturation of surviving
juveniles in the relevant year class.
44. Cushing, Climatic Variation and Ocean Fisheries, PROCEEDING OF THE WORLD CLIMATE CONFERENCE, WORLD METEOROLOGICAL ORGANIZATION NO. 937 (1979).
45. Nelson, A Larval TransportMechanism for Atlantic Menhaden, in UNIV. OF R.I. CENTER
FOR OCEAN MANAGEMENT STUDIES, CLIMATE AND FISHERIES (1978) [hereinafter cited
as C.O.M.S.].
46. Paulik, Anchovies, Birds, and Fishermen, in Glantz, supra note 32.
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duction cycle, the transport of eggs and larvae to nursery areas, the
availability of food to larvae and juvenile fish, and the intensity and
timing of predation. Changes in the carbonate cycle due to increased CO 2
may stimulate primary production, while variations in seawater pH or
salinity may disturb primary production and animal behavior in uncertain
ways. Changes in wind-driven upwelling may have substantial impacts
on primary production, transport, and nutrient dilution in the highly productive and unstable coastal upwelling regions. In arctic regions, changes
in winds, temperature, and sea ice may affect productivity of fisheries.
In short, the states, stocks, and processes that describe marine ecosystems
are all directly dependent on climate, and sensitive to relatively small
climatic variations.
Sensitivity to climatic change varies among fisheries and among species
according to latitude, feeding and spawning habits, species diversity,
intensity of fishing, ecosystem dependence on upwelling, and the level
of other environmental stresses such as pollution. Sensitive stocks, like
the anchoveta, comprised mainly of one or two year classes and highly
susceptible to changes in coastal upwelling, are easily perturbed, exhibiting large fluctuations in response to relatively small climatic changes,
with relatively long periods of recovery after climate returns to "normal."
Other stocks, such as cod-like fishes, which occupy broader niches and
are comprised of up to twenty year classes, are less sensitive to environmental change. With respect to CO2-induced climatic change, the concept
of stock recovery is essentially irrelevant. Assuming the long period of
climatic warming anticipated from C0 2, ecosystem perturbation may be
irreversible and increase in amplitude as CO 2 concentration increases and
warming continues. These perturbations may be either beneficial or damaging to specific fisheries.
There are numerous examples of marine fishery sensitivity to climatic
change. Perhaps the most dramatic is the collapse of the Peruvian anchoveta fishery in 1972 from a catch of 12 million metric tons to two
million tons, after the appearance of El Nifio.
Another dramatic example occurred during the warming period between
1900-1940, when yields in the West Greenland cod fishery increased
sharply, from zero at the turn of the century to 70,000 tons in the thirties.
Following the general cooling trend after 1940, and subsequent changes
in winds, currents, and temperature, the fishery collapsed.4 7
Other relatively small climatic variations may have significant impacts
on fisheries. For example, the 1925-1935 warm period saw a shift in the
English Channel ecosystem from "one dominated by herring, macroplankton, and fishes to one dominated by pilchard and small zooplank47. Cushing, supra note 44.
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ton. "48 The northern shrimp fishery in the Gulf of Maine collapsed during
the warm water period between 1947-1953. 49 Studies have shown recruitment in the southern New England yellowtail flounder fishery to be
inversely related to temperature change, though the mechanism by which
the stock responds to temperature variation is unknown. 5 ° Unfavorable
environmental factors can also have severe effects on Atlantic menhaden
stock, since the fishery relies on transport of larvae from offshore spawning areas to estuarine nursery areas." Evidence of fisheries response to
changes in climatic variables also exists for anchovy, Pacific mackerel,
sardine, hake, bonito, dover sole, rockfish, Dungeness crab, Coho salmon,
and Atlantic herring. 2 Such evidence leaves no doubt that marine fisheries
are highly sensitive to climatic change, though the precise response mechanisms remain poorly understood.
Carbon dioxide-induced climatic change will also affect freshwater
fisheries, primarily through variations in the hydrological cycle. Many
of these fisheries are important to local and regional economies either as
sport fisheries or as food supplies, particularly in several lesser developed
countries. Prolonged drought can reduce water volume, raise water temperature, or significantly reduce the supply of nutrients associated with
runoff or periodic flooding.53 Sensitivity of freshwater fisheries to climatic
change will depend on land use practices, the quantity and quality of
runoff, levels of fishing effort, and pollution stresses.
Typical approaches to fisheries modeling have generally focused on
relationships between stock size and recruitment, suggesting that, in general, recruitment is a variable function of stock size. Representative stockrecruitment models (e.g., Ricker, Beverton/Holt, and Cushing models)
capture some elementary aspects of the dynamics of particular fisheries;
however, none considers the complex interactions among environmental
factors, life history patterns, primary production, predator-prey relationships, and interspecies competition. Thus, none of the models provides
much insight into probable stock responses to climatic changes.
Scientists are currently developing complex ecosystems simulation models
48. Id. at 616.
49. Anthony & Clark, A Description of the Northern Shrimp Fishery and Its Decline in Relation
to Water Temperature, in C.O.M.S., supra note 45.
50. M. Sissenwine, The Relationship Between Temperature and Production of the Southern New
England Yellowtail Flounder Fishery, in C.O.M.S., supra note 45.
51. Nelson, supra note 45.
52. Bakun & Parrish, Environmental Inputs to Fishery Population Models for Eastern Boundary
Current Regions, in UNESCO, INTERGOVERNMENTAL OCEANOGRAPHIC COMMISSION,
WORKSHOP REPORT NO. 28 ON THE EFFECTS OF ENVIRONMENTAL VARIATION OF
THE SURVIVAL OF LARVAL MARINE FISHES (1981).
53. Welcomme, The Effects of Climatic Changes on Inland Fisheries, Appendix to Cushing,
supra note 44.
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for selected regions. 4 Such models may in the future provide useful
insights into the probable responses of fisheries to CO2-induced climatic
change, particularly if combined with intensified efforts to improve marine
environmental and ecosystems data. Due to the current absence of a data
base, however, significant delays of a decade or more are likely before
any fruitful developments appear in this area. Further, though researchers
may establish regression relationships to "explain" variations in recruitment, underlying ecological relationships often remain a mystery." If
scientists are to develop predictive capability for the effects of climatic
change on fisheries, then better data, as well as improved understanding
and analysis, will be necessary.
Further work needs to be done to identify fisheries which may be
particularly vulnerable to climatic changes, and to predict possible responses to such changes. Sensitivity to climatic change will vary depending on levels of stress due to fishing effort and water quality. It is
likely that CO2-induced stresses will have greater and more dramatic
impacts on populations which are. already severely stressed.
4. ECONOMIC IMPACTS OF CO2 -INDUCED CLIMATIC
CHANGE ON FISHERIES
Clearly C0 2-induced climatic change can have major impacts on world
fisheries, causing irreversible disruptions of the structure, process, and
interdependencies of global marine ecosystems. Any projection of the
impacts of C0 2-induced climatic change on fisheries will be subject to
compounded, iterative error. First, as shown in Section 1, climate models
at present allow only gross predictions of the impacts of CO 2 accumulation
on atmospheric circulation and heat exchange.
Second, as discussed in Section 2, the linkages among climate and
oceanic circulation, heat exchange and ocean chemistry are poorly understood. Third, as shown in Section 3, the responses of marine ecosystems
to changes in climatic variables are also poorly understood. Under changing climatic conditions the development of management strategies will
thus be subject to enormous uncertainty.
The economic theory of fisheries management views fisheries as common property, renewable resources with stock-dependent rates of recruitment. The theory of common property resources suggests that, since
property rights to specific fish are not assigned to specific fishermen,
ownership is determined by the "rule of capture"-that is, any fish
belongs to whoever catches it first. Because of the common property
54. Laevastu & Favorite, Holistic Simulation Models of Shelf-Seas Ecosystems, in ANALYSIS
OF MARINE ECOSYSTEMS 701 (A. Longhurst, ed. 1981).
55. Austin & Ingham, Use of Environmental Data in the Prediction of Marine Fisheries Abundance, in C.O.M.S., supra note 45.
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nature of fisheries the economic rent inherent in the natural productivity
of fisheries is dissipated in the form of excessive capitalization and subsequent depletion of seed stocks through overfishing.
As long as there is profit in a fishery, capital will be attracted and effort
will increase. Increasing short-term yields will decrease future stocks
because of the compounded effects of increased fishing mortality on future
recruitment. A declining stock, given a particular level of fishing effort,
will lead to increasing costs per unit of fish landed. The common property
nature of fisheries has led to the decline of many fisheries worldwide.
Economists often argue that efficient management of fisheries requires
some mechanisms for limiting or rationing entry to the fishery, such as
auctionable licenses or landing quotas.
Objectives of fisheries management may vary. In economic analysis,
the objective is generally to maximize the present value of net benefits
associated with harvesting the resource. The usual interpretation of benefits is the difference between the value of fish harvested and the costs
of catching them. Optimal management under dynamic conditions requires that the marginal net benefit from harvesting the resource in any
period be equal to the discounted present value of the resource user cost;
that is, marginal net benefit from harvest must be the equivalent of the
stream of future benefits foregone by extracting marginal units of the
resource in the current period. Under the present value criterion, benefits
and costs which occur in future periods are discounted to the present
using some appropriate rate of interest.
Increased harvesting in the present presumably decreases future stocks
according to the stock-recruitment relationship, and hence reduces benefits of future harvest. That is, a fish harvested in the current period has
an opportunity cost (if one boat catches it, another can't) and a user cost
(catching this fish means that neither it nor its potential progeny can be
caught in the future). Thus a fish left in the water is an asset that appreciates in value over time as it grows and produces more fish. A fish
harvested earns a return that may be invested at the market rate of interest,
yielding an alternative future benefit. Optimal management generally
requires that the net present value of a fish left in the water (the user
cost) is equal to the net present value of the last fish harvested. Virtually
all bioeconomic models of fisheries management take this position as a
6
point of departure for their analyses.1
Since a fish in the water accrues value according to the presumed stockrecruitment relationship, and a fish harvested accrues value at the market
56. C. CLARK, MATHEMATICAL BIOECONOMICS: THE OPTIMAL MANAGEMENT OF
RENEWABLE RESOURCES (1976).
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rate of interest, the relationship between the productivity of the resource
and the discount rate is a critical one in determining optimal harvest
strategy in any period. An increase in the productivity of the resource,
other things being equal, will increase the resource user cost, lower current
extraction, and increase steady state stocks. A decrease in resource productivity will have the opposite effect; expected decreases in resource
productivity, due to climatic change, for example, will lower the resource
user cost, increase current extraction, and lower steady-state stocks.
Most bioeconomic models use a simplified stock-recruitment model as
the transition link among present stock, current fishing effort, fishing
mortality, and future stock. For example, the commonly used Schaefer
model assumes that the biomass" of a fishery will grow at a rate dependent
on current biomass. The inherent weakness in this approach is the general
failure of stock-recruitment models to identify variations due to environmental variables. Recruitment variations which should be attributed to
changes in environmental variables may be erroneously attributed to variations in stock. Management based on such an erroneous concept of
fisheries dynamics could lead to disastrous misassessment of the ability
of a stock to withstand fishing pressure under changing climatic conditions.
A substantial literature on fisheries management under uncertainty exists, but generally is not applicable to a species by species analysis of
CO2-induced climatic impacts for several reasons. First, C0 2-induced
disturbances to marine ecosystems are likely to exceed the magnitude of
any environmental fluctuations observed in the past; historical data will
thus be an unreliable predictor of system responses. Second, data are
insufficient to estimate the relationship of past stock fluctuations to environmental change, though the data base should improve in the future.
Third, neither the steady-state of stochastic models nor the sustainable
yield of deterministic models exist in reality,58 because the boundary
conditions underlying the models are in fact constantly changing due to
dynamic biological processes, fishing effort, and climatic and other environmental variations.
General analysis of stochastic processes can be informative, however.
Sutinen has shown that the spectre of collapse due to environmental
57. Biomass is the standing stock of organic matter in a discrete volume of water at a point in
time.
58. Deterministic models assume away natural variations in probalistic variables (e.g., rainfall).
Stochastic models attempt to capture some elements of these variations. Essentially, variations over
time are ignored in deterministic models, and simplified greatly in stochastic models, which tend
to become analytically cumbersome. Steady-state values of variables are generally the "answers"
to a stochastic model, while sustainable yields are often the "answers" to deterministic (e.g., stockrecruitment) models.
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changes leads to increased fishing pressure.59 The possibility of exogenous
collapse' reduces the length of the planning horizon and hence reduces
the present value of benefits expected from fish left in the water. The
expectation of future collapse due to environmental factors thus functions
like a reduction in resource productivity or an increase in the discount
rate. If collapse is expected from overfishing, however, optimal strategy
is to reduce current exploitation, since user cost of current extraction then
increases with increased fishing effort.
Walters has developed an interesting approach to managing a salmon
stock, using stochastic dynamic programming. 6 The technique allows
comparison of numerous management objective functions, giving useful
information about the tradeoffs among different kinds of management
objectives and strategies. Walters shows the importance of considering
stock variability as well as stock size in determining management strategies. Such an approach holds promise for adaptation to management
under climatic uncertainty, particularly if a more sophisticated treatment
of environmental variables can be developed.
The irreversibility of climatic impacts on fisheries suggests that, if
climatic change is inevitable, then mining of fisheries may appear "optimal" according to the present value criterion. Costs associated with
irreversible impacts include diminished species diversity, diminished food
potential, less diverse gene pools, and a reduced potential for adaptability
of marine ecosystems to additional stresses in the future. It may be
appropriate to consider marine ecosystems as natural environments with
preservation values or with intrinsic value (i.e., they have value in and
of themselves, independent of human values);62 in either case user cost
would be higher, optimal effort would be lower, and stocks would be
larger than if irreversibility were not considered in the analysis.
A tentative conclusion is that the application of conventional bioeconomic logic to management of fisheries sensitive to climatic changes is
not appropriate, and could lead to inadvertent and sudden collapse of
sensitive stocks. Management attention might be productively directed
away from the steady-state, sustainable-yield approaches of the past which
have limited practical application to management under conditions of
environmental uncertainty. The optimality properties of these models are
defined more by economic convention than by an understanding of the
59. Sutinen, Optimal Extraction of a Renewable Resource Under Uncertainty: The Case of Stock
Collapse in the Fishery, UNIV. OF R.l. DEP'T OF RESOURCE ECONOMICS #81-08 (1981).
60. Exogenous variables are those which are considered to operate independently on a system
from outside.
61. Waiters, Optimal Harvest Strategies for Salmon in Relation to Environmental Variability and
Uncertain Production Parameters, 32 J. FISHERIES RESEARCH BD. CAN. 1777 (1975).
62. J. KRUTILLA AND A. FISHER, THE ECONOMICS OF NATURAL ENVIRONMENTS:
STUDIES IN THE VALUATION OF COMMODITY AND AMENITY RESOURCES (1975).
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complex physical environment in which management takes place. Empirical investigations using dynamic programming and other techniques
under a variety of management objectives other than maximizing present
value could yield valuable insights.
CONCLUSION
Due to the nature of climate models, most CO2 research focuses on
the climatic effects of a doubling, tripling, or quadrupling of atmospheric
CO2 . An unfortunate side effect of this focus may be a tendency tacitly
to view doubling as "threshold." Focus on doubling may give the misleading impression that CO2 will not become a policy issue until the
atmospheric concentration doubles in 50 years or so. Researchers should
increasingly emphasize that the CO2 policy issue is current, continuing,
and increasingly urgent. Current projections are that the average global
temperature will increase by about .5°C by 2000.63
In addition, researchers have given inadequate attention to the irreversibility of climatic change and to the delay in information feedback
from such change. Given social dependence on chemically fertilized agriculture and carbon fuel consumption, the slowing, stopping, or reversing
of the accumulation of CO2 and trace gases must be considered a technically difficult, politically complex, and slow process. Because of the
slow mixing of surface and intermediate ocean waters, the full climatic
effects of any given concentration of CO 2 may not be evident for decades.
Such lag time makes climatic change essentially irreversible, and also
suggests that policy (if any) may have to be formulated and maintained
-for decades without supporting data feedback. Without such feedback,
policymakers will have no means to eliminate uncertainties concerning
a policy's effectiveness, necessity or even its desirability.
Further, climate models predict new means for the overall distribution
of climatic variables like temperature and precipitation. As global climate
changes, policy must address the impacts of the full range of variation
in future weather conditions. If the mean global temperature increases
by 2°C, then what temperature range might be expected in a warm year?
Of related interest is evidence to show that the global climate has been
in a mild cooling trend which is probably about to shift to a warming
trend.' Policy must be concerned with the potentially profound consequences of the worst cases of combined effects of C0 2-induced warming,
cyclical warming, and the occurrence within a significantly warmer global
63. FLOHN, supra note 24.
64. Broecker, Climatic Change: Are We on the Brink of a Pronounced Global Warming? 189
SCI. 460 (1975); Damon & Kunen, Global Cooling? 193 SCI. 447 (1976).
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climate of particularly warm years. Such combined effects could be disastrous.
Changes in marine environmental conditions anticipated from anthropogenic climatic changes may stimulate substantial changes in marine
ecosystems, with potentially severe impacts on marine fisheries. Present
data limitations permit only speculation as to the nature and extent of
probable impacts of climatic change on the marine environment. A considerable amount of work needs to be done to identify fisheries that may
be most sensitive to climatic changes and to develop a capability for
predicting ecosystem responses to climatic disturbances.
Economic analysis of fisheries should investigate alternatives to the
oversimplified stock-recruitment relationships used in the past, which
essentially ignore environmental variables. Economic alternatives to the
maximum present-value criterion are also needed for successful management of sensitive biological resources over intergenerational time periods.

